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Abstract 10 
Concentrated solar power plant (CSP) with thermal energy storage can be operated as peak load 11 
shaving plant, which is one of the most economic solutions to the intermittency of renewable energy 12 
grid. The steam generation system (SGS) is the central hub between the heat transfer fluid and the 13 
working fluid of CSP, of which the dynamic characteristics need to be further investigated. The 14 
SGS of Solar Two power tower plant with the molten salt as both the heat transfer fluid and storage 15 
media is selected as the object. The mathematical model with lumped parameter method is 16 
developed to analyze its dynamic characteristics. Model validation is carried out and it shows that 17 
the proposed model can simulate the characteristics of SGS in an accurate manner. Five simulation 18 
tests were carried out under the disturbances that the molten salt solar tower power plant may 19 
encounter under various solar irradiation and output electrical load. Both the dynamic and static 20 
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characteristics of SGS are analyzed with the response curves of the system state parameters 21 
obtained under different disturbances. The dynamic response and time constants of the working 22 
fluids out of the SGS is obtained when step disturbances is imposed. It is indicated that the 23 
disturbances imposed to both working fluids lead to heat load reassignment to the preheater, 24 
evaporator and superheater. The proposed step-by-step disturbance method can reduce the fluid 25 
temperature and pressure fluctuations by 1.5 °C and 0.03 MPa, respectively. The results obtained 26 
could be used as the references for control strategies as well as the safe operation of and SGS. 27 
Keywords: concentrated solar power tower, molten salt, steam generation system, dynamic 28 
simulation 29 
  30 
  
 
Nomenclature 31 
A  area, m2 32 
cp  specific heat capacity at constant pressure, kJ/kg°C 33 
Flow  mass flow rate (calculation result), kg/s 34 
h  enthalpy, kJ/kg 35 
kd  resistance coefficient of the tube bundle 36 
m&   mass flow rate, kg/s  37 
Nu  the Nusselt number 38 
Pd  continuous discharging rate (%) 39 
P  pressure, MPa 40 
Pr  the Prandtl number 41 
Q  heat flux, kW 42 
r   latent heat of water, kJ/kg 43 
T  temperature, °C 44 
U  surfaceheat transfer coefficient, kW/(m2°C) 45 
V  volume of the shell for evaporator and volume of the tube side for the preheater and superheater, 46 
m3 47 
X  quality, kg 48 
 49 
Greek symbols 50 
ξ  linear admittance 51 
λ  thermal conductivity, W/(m∙°C) 52 
  
 
μ  dynamic viscosity, Pa∙s 53 
 54 
Subscripts  55 
e  evaporator 56 
evap  evaporation 57 
f  feedwater 58 
i  inlet 59 
o  outlet 60 
p  preheater 61 
s  molten salt or superheater 62 
t  tube 63 
v  steam/vapor 64 
w  water  65 
  
 
1. Introduction 66 
Nowadays, the continuous decreasing cost of the wind turbine and photovoltaic (PV) panels, as 67 
well as the challenges of global environmental problems, are driving rapid deployment of the 68 
renewable energy around the world. For example, in China, it is expected that the installed wind 69 
power capacity will exceed 200 GW, and the installed PV power capacity will exceed 242 GW by 70 
2020 [1], while the renewable electricity will have a proportion of 27% on national electricity 71 
demand [2]. 72 
It is recognized that the intermittency and uncertainty of wind energy and solar energy present a 73 
significant challenge to their power output, which will affect the stability of the grid and lead to 74 
serious power curtailment. Therefore, electrical power sources which are flexible are required to be 75 
functioned as peaking plants [3]. Energy storage could be an option to improve the flexibility of 76 
power grid with high proportion of renewable energy by shifting power output to the periods of 77 
high demand. By the end of 2016, China has 24.3 GW operational capacity of energy storage, 78 
including pumped hydroelectric energy storage (98.96%), electrochemical storage (1%) and thermal 79 
energy storage (0.04%) [2]. Considering that the hydroelectric could have its future barrier, there is 80 
a tremendous opportunity to develop high energy density and cost-effective energy storage 81 
technology. 82 
The simplistic approach to determine a generation technology might be based on the option with 83 
the lowest overall levelized cost of electricity (LCOE) and capital cost. Several electrochemical 84 
storages of battery technologies have an LCOE over 20 ¢/kWh [4,5]with approximately 300 $/kW 85 
in capital cost. Compare to the expensive battery technology, the cost of thermal energy storage 86 
  
 
(TES) can be below to 20-25 $/kWh [6,7]. Moreover, TES can reduce the cost of the concentrating 87 
solar power (CSP) by around 10% [8,9]. 88 
Among all the CSP technologies, PT can achieve higher-temperature operation compared to other 89 
CSP technologies and yield higher thermal-to-electric conversion efficiency [10, 11]. The two types 90 
of PT are differentiated by water/steam or molten salt heat-transfer fluid in the receiver. In a steam-91 
direct PT, steam heated in the receiver directly can achieve a temperature over 550 °C, which is a 92 
little higher than the steam temperature (540°C) in a molten-salt PT. Whereas the thermal energy 93 
storage capability is higher in a molten-salt PT, with which the PT can be decoupled from electricity 94 
generation [11,12], endows the solar tower power plant the load peak shaving capacity. 95 
The net load ramp rate of PT with TES, which operates as a peaking plant, must vary rapidly in a 96 
high renewable electricity scenario [8,13]. The dynamic characteristics concern to the operation 97 
safety of PT need to be investigated, including the dynamic performances of PT receiver, steam 98 
generator, thermal storage system, and steam turbine [14-16]. To better understand the dynamic 99 
performances of the steam generator in PT, which act as a peaking plant in the multi-energy 100 
integration system to carry out peak-valley regulation, will be especially significant. It is noticed 101 
that during the starting, shutting down and varying working conditions of PT, the steam generator 102 
will suffer strong thermal stress [17-20]. In order to make continuous improvements in PT safety, 103 
reliability, and efficiency, it is necessary to analyze the limitation of the rate of temperature 104 
variation. Thus, the dynamic characteristics of PT, especially the steam generator which is the hinge 105 
of steam generation system and salt system need to be studied in detail [21]. 106 
There are two kinds of simulating models proposed for the shell-and-tube heat exchangers. One is 107 
three-dimensional numerical model with high spatial resolution, such as the finite volume method 108 
  
 
[22]. The other is the analytical model with low spatial resolution, such as the LPM [8,23,24]. In 109 
order to improve the economic performance and optimize the heat exchanger design, a three-110 
dimensional model is applied [25-27]. On the other hand, for transient response simulations, the 111 
model with lower spatial resolution is chosen to evaluate the heat exchanger operation and control 112 
strategies.  113 
Till now, most of researches have been devoted to study the dynamic characteristic of the solar 114 
thermal power plant. The steam-direct DAHAN tower power plant was modeled by Xu [28,29], of 115 
which the dynamic characteristics were discussed. Besides, the dynamic simulation of an indirect 116 
thermal storage tank was carried out by Li and Xu [8]. Due to the great similarities between the 117 
steam-direct solar tower power plant and the conventional thermal power plant, most of the 118 
previous studies concerning the dynamic simulations of the solar power plant were focused on 119 
steam-direct solar tower power plant. The former studies mainly focused on the impact of radiation 120 
on a stand-alone PT, which means only mass flow rate disturbance of the working fluid to SGS is 121 
studied. Molten salt PT is more widely used for its potential of energy storage. There are seldom 122 
works on the molten-salt solar power tower plant, which will have great potential as the peaking 123 
plant in the grid with high proportion of renewable energy for its flexibility when it is cooperated 124 
with TES. The structures of the heat exchanger between SGS of a steam-direct PT and a molten salt 125 
PT are different. In a steam-direct PT, only water flows through SGS, which is heated by radiation 126 
directly. The SGS of a steam-direct PT is very similar to the boiler of a conventional power plant. 127 
The temperature of working fluid in a steam-direct PT is high. Only water/steam side could be 128 
controlled during operation. In a molten salt PT, water is not exposed to radiation, but heated by 129 
  
 
molten salt in the heat exchangers. Both working fluid and heat transfer fluid could be well 130 
controlled, which means more factors could have influence on the performance of SGS. 131 
Therefore, a mathematical model is built in the current study based on the steam generation 132 
system (SGS) of Solar Two molten-salt solar power-tower plant established by Sandia, which 133 
includes a preheater, an evaporator and a superheater. These heat exchangers are shell and tube heat 134 
exchanger, and the shell of the evaporator is kettle type [20].  135 
In this study, a mathematical model using LPM is developed to study the transient response of a 136 
Solar Two SGS under different disturbances. The dynamic model could be a general model for a PT. 137 
The aim of the current work is to mainly discuss the process of disturbance influence on SGS, as 138 
well as the dynamic behavior resulted from the disturbances and different characteristic time of 139 
system responds. This would be the basis to obtain the control strategy during SGS operation. Five 140 
disturbance factors which a netconnected PT may encounter are imposed to the SGS. Model 141 
response curves of SGS is obtained under five different disturbances. Both the dynamic and static 142 
characteristics of SGS are analyzed in detail based on the model response curves of the system 143 
parameters that are obtained from different disturbances. A step-by-step adjusting method on the 144 
basis of time constant is proposed to decrease the pressure and temperature fluctuation in SGS 145 
under different working conditions. Conclusions of this paper could be used to provide references 146 
for control strategies including the descision making of the minimum stable load, net load ramp rate 147 
of PT as a peaking plant in a multi-energy system. 148 
 149 
2. Modeling on the steam generation system 150 
2.1 Physical model 151 
  
 
A typical steam generation system of a PT consists of a preheater, an evaporator, a superheater 152 
and a reheater. However, the 10MW Solar Two does not have a reheater for the refurbished turbine, 153 
same as the non-reheat Solar One. The schematic diagram is shown in Fig. 1. Both the preheater 154 
and superheater are made of U-tube, straight-shell. The high pressurized water is placed on the tube 155 
side in order to achieve low manufacture cost. The molten salt instead of the high pressurized steam 156 
is placed on the shell side so that material is saved becaused of the thinner shell wall[30]. 157 
Water flows through the shell of the kettle evaporator reversely, and molten salt flow through the 158 
tube crossly. Feedwater is pumped into the preheater with a temperature of 260 °C and pressure of 159 
10.4MPa, and then heated by preheater to the outlet temperature of around 310 °C, which 160 
approaches the saturated temperature. The process of vaporization that feed water turns into high-161 
quality saturated steam takes place in the evaporator. The superheater produces superheated steam 162 
at approximately 535 °C, then it was attemperated with feed water to meet the temperature 163 
requirement of the turbine inlet. The molten salt enters SGS at 565 °C and is cooled to 290 °C. 164 
  
 
Hot Salt
Ts_i= 565 °C
Main Steam
Tv_o=535 °C; Ps=9.0 MPa
Superheater
Evaporator
Preheater
Feedwater
Tw_i=260 °C; Pp=10 MPa
Startup heaterCold Salt
Ts_o=288 °C
 165 
Fig. 1. The schemetic diagram of SGS. 166 
 167 
  
 
The molten salt used in Solar Two is the solar salt consist of 60% NaNO3 and 40% KNO3. The 168 
material selection is different for the three heat exchanger because of the corrosion and operation 169 
temperature considerations. S304 stainless steel is used when the operating temperature is over 170 
454 °C, whereas the low carbon steel is used to lower the cost when the operating temperature is 171 
below 400 °C. The evaporator tube is made of 2 ¼Cr-1 Mo alloy steel and the shell is made of 172 
carbon steel since its operating temperature will not surpass 454 °C[31]. The detailed physical size 173 
of SGS is listed in Table1.  174 
Table 1. Geometrical and physical parameters of SGS. 175 
Parameters Preheater Evaporator Superheater 
Heat exchange area/m2 76.2 158.4 152.4 
Designed surface heat 
transfer coefficient at rated 
conditions/W/m2°C 
1940 1392 911 
Tube type U-type/water U-type/salt U-type/steam 
Inner diameter/mm 143 135 143 
Outer diameter/mm 203 192 203 
Design pressure/MPa 10.5 10 10 
Operating pressure at rated 
conditions/MPa 
10.4 9.8 9.0 
Rated thermal load/MW 3.79 19.82 11 
 176 
The functions of molten salt physical properties used in this study are listed in table 2. 177 
  
 
Table 2. The physical properties of the molten salt. 178 
Property Function 
Density, kg/m3 2090 0 636. T     
Specific heat, J/kg. °C 1443 0 172
p
c . T    
Thermal conductivity, W/(m.°C) 40 443 1 9 10. . T

     
Dynamic viscosity, Pa.s  
 4 2 7 3 322 714 0 120 2 281 10 1 474 10 10. . T . T . T              
Enthalpy, J/kg 
270
s
s p_s
 
T
C
h c dT

   
 179 
2.2 Mathematical model 180 
Considering that the dynamic model of SGS is on system level which includes a preheater, an 181 
evaporator and a superheater, the finite volume method (FVM) will not be the best option in this 182 
case due to its complexity. In the current work, LPM will be selected to establish the model and 183 
Runge-Kuta method is used to solve the differential equations.  184 
In the model, a typical point is chosen to represent the tube side and shell side, respectively. 185 
Arithmetic mean value which represent the inlet parameter and outlet parameter and the outlet 186 
parameter are used as the typical points of the heat exchangers. The former is picked for the 187 
convenience of calculation which could depict the general state of fluid in the heat exchanger. The 188 
latter is picked to describe the fluids parameter variation results. However, the nature weakness of 189 
the LPM should be noted. The LPM couldn’t display the parameter variation along the tubes which 190 
FVM could carry out. But the accuracy the LPM provided is good enough for the study. During the 191 
simulation of the model, the time step is 0.01s which remains constant. The simulation doesn’t 192 
  
 
include the startup and closing down procedure. Disturbances happened when the system is working 193 
at a certain condition.  194 
The following assumptions and simplifications are implemented when the steam generation 195 
system is modeled. 196 
(1) The axial and circumferential heat conduction of the working fluid and metal wall is ignored.  197 
(2) During the operation, the volume flow rate variation caused by the working fluid density is 198 
ignored, for the density changes with the temperature during operation is small. 199 
(4) Water flows out of the preheater is single phase, when it flows into the evaporator, a small part 200 
of saturated steam is generated immediately, the rest will be heated by solar salt in the tube. 201 
(5) Steam at the evaporation zone can be regarded as saturated steam. In general, lumped 202 
parameter at each section is represented by the outlet parameter or arithmetic mean value.  203 
(6) The temperature of the metal wall is represented by the mean temperature of the inner wall 204 
and outer wall. 205 
In addition, all the surface heat transfer coefficients of the three heat exchangers are calculated 206 
using the functions provided by the solar power tower design basis document [30] 207 
The governing equations of mass, momentum and energy conservations are stated as follows. 208 
(1) Evaporator 209 
The energy balance in the tube bundle, 210 
 
 
 p_s s s s_i s_o s
d
d s
c X T
h h Q
t
m  &  (1a) 
211 
Because of the density change of molten salt during operation is little, the change of Xs with time is 212 
ignored, so Eq. (1a) can be simplified as, 213 
  
 
 
  s s p_ss_i s_o s
s
p_s s
d
d d
d
s
T X c
m h h Q
T t
t c X
  

&
 (1b) 214 
The specific heat change of molten salt during operation is small, Eq. (1b) can be simplified as,  215 
 
 s s_i s_o ss
p_s s
d
d
m h h QT
t c X
 

&
 (1c) 216 
The heat transfer from solar salt to the tube bundle, 217 
  s ts i iQ U A T T   (2) 
218 
The heat transfer from tube bundle to water and steam, 219 
  t ww o o=Q U A T T  (3) 
220 
The energy balance at the tube, 221 
 
 p_t t t
s w
d
d
c X T
Q Q
t
   (4) 
222 
in which, cp_t=0.499 kJ/kg°C. 223 
The mass balance on water side, 224 
 
f cond evap d
d
d
wX m m m m
t
   & & & &  (5) 225 
The mass balance on steam side, 226 
 v
evap cond v_o
d
d
X
m m m
t
  & & &  (6) 227 
The mass balance on shell side, 228 
 v v w w
f v_o
d( )
d
V V
m m
t
 
 & &  (7) 229 
The energy balance on shell side, 230 
 
w w w v v v t p_t t
w f f v_o v
d( )
d
V h V h X c T
Q m h m h
t
  
  & &   (8)  231 
In Eqs. (7) and (8), Vw+Vv=V=constant, d/dt=д/дP(dP/dt), hw+r=hv, then, 232 
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 233 
  (9a) 234 
Under the conditions of Qw=0 and Δ?̇?f=0, give the initial condition of the dynamic model, 235 
dP/dt=0. With the initial condition, Eq. (9a) can be transformed to, 236 
 
 w 1 f f 2 v_o
3 w 4 v 5 t
d
d
Q H m mP
t V V X
 
  
  

 
& &
 (9b) 237 
By comparison of Eqs. (9a) and (9b), it can be observe that ε1, ε2, ε3, ε4, and ε5 can be easily 238 
acquired by the parameters of saturated water and steam, which are the function of pressure. 239 
Condensation, 240 
 
f w f
cond
v w
( )
=
bm h h
m
h h


&
&  (10) 241 
where, b represents the proportion of the steam generated by the steam in the evaporator when feed 242 
water enters. b is an empirical value which could be found from and 0.01 is chosen for b [32].  243 
Evaporation, 244 
 
w w w w
evap
v w
( )
=
Q X h h
m
h h
 

&  (11) 245 
 d evap dm m P& &  (12) 
246 
where Pd is the continuous discharging rate (%), Pd=2%. 247 
 e svom P P &  (13) 
248 
ξ is the admittance of the evaporator, which is depend on the characteristic of the valves. ξ=16.586. 249 
The outside tube heat transfer coefficient can be expressed by, 250 
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o
o
Nu
U =
D
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 (14) 251 
 
0 35
1 3
.
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o
w
m D
Nu =0.36 Pr

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 
 
 
 (15) 252 
The inner tube heat transfer coefficient, 253 
 i s
i
i
Nu
U
D

  (16) 254 
 
0 14
0 8 1 3
.
. / s
i
s _ wall
Nu =0.023Re Pr


 
 
  
  (17) 255 
 256 
(2) Superheater and preheater 257 
The heat transfer fluid in the superheater and the preheater is a single phase. There is no phase 258 
change in both heat exchangers during the operation. Therefore they have the same mathematical 259 
model as follows. The differences are the phase of the working fluid and the range of the operating 260 
temperature. 261 
The mass balance of steam/water, 262 
 
v_o
v_i v_o
d
d
V m m
t

 & &  (18) 263 
The energy balance of steam/water, 264 
 
 v_o v_o
v v_i v_i v_o v_o
d
d
h
V Q m h m h
t

  & &  (19) 
265 
The heat transfer from tube bundle to steam/water, 266 
  t vv o oQ A U T T   (20) 267 
The momentum balance of steam/water, 268 
 
v_i
d s_i s
v_i
m
k P P

 
&
 (20) 269 
  
 
in which, kd=2.911 in superheater, kd=9.729 in preheater. 270 
The energy balance at the tube bundle, 271 
 t
t p_t s v
d
d
T
X c Q Q
t
   (21) 272 
The heat transfer from salt to the tube bundle, 273 
  s ts i iQ AU T T   (22) 274 
The energy balance on salt side, 275 
 
 
 p_s s s s_i s_os s
d
d
c M T
m h h Q
t
  &  (23) 
276 
 277 
3. Results and discussions 278 
The simulation of the Solar Two steam generation system was carried out under the rated 279 
condition. The disturbance experiments were performed on the basis of rated condition. The inlet 280 
and outlet molten salt temperature of SGS are 565 °C and 288 °C, respectively. The feed water 281 
( 265 °C, 10.00 MPa) enters SGS, and then the steam (535 °C, 9.00 MPa) flows out. 282 
To get full acknowledgement of the dynamic characteristics of the SGS, five inlet parameters 283 
including valve opening, water mass flow rate, feed water temperature, molten salt temperature and 284 
molten salt flow rate step disturbance were imposed to SGS during operation under rated condition. 285 
The results indicate that the same increment and decrement of the same parameter has the opposite 286 
impact on the system output parameters, which means the curves with opposite trends could be 287 
achieved. The two kinds of response curves revealed the same dynamic characteristic. Thus, the 288 
increments and decrements were chosen at random in the following simulation. 289 
 290 
  
 
3.1 Model validation 291 
The designed operating parameters of Solar Two, as well as the calculated results, are illustrated 292 
in Table3. The validation test was carried out at rated condition of SGS. SGS thermal duty is 35.5 293 
MW. Salt inlet temperature is 565 °C. Feed water temperature is 260 °C. Feed water inlet pressure 294 
is 10.0 MPa. The outlet parameters of molten salt and main steam are given by Table3. The results 295 
listed show that the difference between the data obtained by simulation and the designed values of 296 
Solar Two is very small, implying the validity of the present dynamic model. 297 
 298 
Table 3. Comparisons between the simulation and the designed data of the objective SGS. 299 
 Design value Simulation value 
Main steam pressure, MPa 9.00 9.00 
Main steam temperature, °C 535.00 535.02 
Pressure in evaporator, MPa 9.80 9.79 
Evaporator outlet steam temperature, °C 310.00 309.51 
Pressure in preheater, MPa 10.40 10.40 
Molten salt outlet temperature,°C 288.00 287.99 
 300 
3.2 Case study 301 
During the operation of SGS, molten salt mass flow rate and temperature, as well as feed water 302 
mass flow rate and temperature were given as boundary conditions, they were also the main 303 
disturbance variables. Table 4 presents the boundary conditions of the simulation. Cases A-E could 304 
happen while a PT plant with TES operated as a peaking plant.  305 
  
 
Table 4.  Case definitions. 306 
Index Experiment Inlet salt 
temperature(°C) 
Molten salt 
flowrate(kg/s) 
Feedwater 
temperature(°C) 
Feedwater 
flow 
rate(kg/s) 
A Opening step of 
regulating valve 
of steam turbine at 
100%-75% load 
565 82.5 260 15.975 
B Water mass flow 
step at 100%-
98% 
565 82.5 260 15.656 
C Water inlet 
temperature step 
at 100% load 
565 82.5 265 15.975 
D Molten salt inlet 
temperature step 
at 100% load 
555 82.5 260 15.975 
E Molten salt 
mass flow step at  
100%-95% 
565 80.025; 79.2 ; 
78.375 
260 15.975 
 307 
Case A 308 
  
 
Fig. 2 illustrates the simulation results of case A defined in Table 3, including water side pressure, 309 
molten salt and water temperature. Operating under the rated condition, the opening of the regulated 310 
valve was turned down from 100% to 75% at 30 s. The rest of boundary conditions remained 311 
constant. For a self-regulating process, it can be observed that the outlet parameters of both fluid, 312 
molten salt and feed water, converged to their new steady state values finally. It took 420 s for the 313 
water side parameters to converge to their new steady state, as shown in Fig. 2(a), while it took 314 
about 400 s for salt side, which was shown in Fig. 2(b). When the steam quality decreased, more 315 
heat was absorbed by the steam per unit mass at first. Then it fell as the evaporation increased. This 316 
could be the reason that both the outlet steam temperature and outlet molten salt temperature of 317 
SGS decreased. It could also be the reason for that the sharp increasing of steam pressure in the 318 
evaporator and superheater, and then going down later, as shown in Fig. 2(c). The outlet mass flow 319 
rate of steam decreased to a certain level because the valve was turned down, then it increased as 320 
the self-control process works because the mass flow rate of molten salt did not change. 321 
 322 
 323 
(a) Temperatures on the water side. 324 
 325 
  
 
 326 
(b) Temperatures on the salt side. 327 
 328 
 329 
(c) Pressures on the water side. 330 
Fig. 2. SGS parameters changes with valve opening decreased from 100% to 75% (case A). 331 
 332 
The steady state was broken and 420 s later, a new steady state was reached. Molten salt is the 333 
shell side fluid in superheater, the large fluctuation of its temperature for short period could generate 334 
large thermal stress. Fortunately, large temperature fluctuations did not happen in the evaporator 335 
  
 
when SGS was operated under this condition. Otherwise, thermal stress would be larger for the 336 
shell of evaporator which should be designed to be thicker to sustain the high pressurized steam. 337 
Unlike the steam temperature changes in the superheater, the steam temperature increased in the 338 
evaporator, which resulted from the redistribution of the heat load in the evaporator and superheater. 339 
Since the heat load increased and remain higher than it was in the evaporator, more water 340 
evaporated. In this case, the pressure in the evaporator increased and remain higher. But the molten 341 
salt outlet temperature did not change. As a result, the total heat load of SGS did not change even its 342 
distribution changed. Therefore, the flow rate of outlet steam decreased a little on condition that the 343 
evaporation increased. 344 
 345 
Case B 346 
The results of case B are shown in Fig. 3. Operating under the rated condition, the feedwater 347 
mass flow rate was subjected to a negative step disturbance at the beginning, changed from 15.975 348 
kg/s to 15.775 kg/s. The rest of the boundary conditions remained constant. Because of a slight 349 
reduction of the feed water mass flow rate, the evaporation increased, the decrease of the steam 350 
outlet temperature and a slight increment of the molten salt outlet temperature were obtained. The 351 
temperature changes of the steam and molten salt in the evaporator took place in a minute and were 352 
less than 1 °C. 353 
 354 
  
 
 355 
(a) Pressures on the water side 356 
 357 
 358 
(b) Temperatures on the water side 359 
 360 
  
 
 361 
(c) Temperatures on the salt side 362 
Fig. 3. SGS parameters changes with water mass flow rate decreased by 2% (case B) 363 
 364 
Case C 365 
Operating under the rated condition, the feed water inlet temperature was subjected to a positive 366 
step disturbance at the beginning, from 260 °C to 265 °C, and the results are shown in Fig.4. It can 367 
be found that the feedwater temperature step disturbance has insignificant impact on the system. 368 
Molten salt temperature rised swiftly to a value closed to the terminal in about 30 s. As the result, 369 
the steam outlet temperature needs 1200 s to reach to the steady state, but it took 1400 s for the 370 
feedwater temperature in the preheater. This is because water has higher specific thermal capacity 371 
and lower mass flow rate in contrast with steam. On the contrary, with lower specific thermal 372 
capacity and higher mass flow rate, molten salt responsed swiftly. Feedwater temperature has little 373 
influence on the outlet temperature of steam. The pressure changes were minute. 374 
The results shown in Figs. 2-4 are acquired by imposing step disturbances to the water side. The 375 
parameters on salt side would response follow water side. Water mass flow rate has an obvious 376 
influence on the pressure of SGS. And it also leaded to the heat load reassignment to the evaporator 377 
  
 
and superheater. The direct influence of step disturbance of feed water temperature was the swift 378 
change of the molten salt outlet temperature. It should be noted that large temperature changes 379 
occured in the superheater when the step disturbances on water side were imposed to SGS, and 380 
pressure change of the steam in the evaporator and superheater were large. 381 
  382 
 383 
Fig. 4. Outlet temperature and pressure changes with feed water temperature increased by feed 384 
water 5 °C (case C) 385 
   386 
Case D 387 
As displayed in Fig. 5, the molten salt inlet temperature was subjected to a positive step change at 388 
the beginning, from 565°C to 575 °C. The other boundary conditions remained constant. The 389 
increase of the molten salt inlet temperature disorganized the heat distribution. As shown in Fig. 3, 390 
the quality of steam decreased, and the outlet steam temperature increased to adjust the heat load of 391 
superheater. The temperature change in superheater could be 14 °C. As a compraison, the 392 
evaporation change was small. 393 
 394 
  
 
 395 
(a) Pressures on the water side 396 
 397 
 398 
(b) Temperarures on the water side 399 
 400 
  
 
 401 
(c) Temperarures on the salt side 402 
Fig. 5. SGS parameters changes with molten salt inlet temperature increased by 10 °C (case D) 403 
 404 
Case E 405 
For the unpredictability of solar irradiance, it is difficult to control the temperature of the heat 406 
transfer fluid. To make sure the stability of the solar power tower operation, the goal of the control 407 
strategies is to control the mass flow rate of the HTF (heat transfer fluid) to stabilize the molten salt 408 
outlet temperature. Since the variation of the solar irradiance is large, the variation of the molten 409 
salt mass flow rate is large as well. Therefore, the dynamic characteristic of the heat transfer 410 
feedback is obvious, such as response time and delay [18]. A detailed study for the purpose noted 411 
above (case E) was performed. The step-by-step disturbance of the molten salt mass flow rate was 412 
imposed to the system under the rated condition. The results are displayed in Fig. 6 and 7. 413 
 414 
  
 
 415 
(a) Evaporator pressures on the water side  416 
 417 
 418 
(b) Superheater pressures on the water side 419 
 420 
 421 
  
 
 422 
(c) Temperatures of water in the preheater 423 
 424 
 425 
(d) Temperatures of steam in the evaporator 426 
 427 
  
 
 428 
(e) Temperatures of steam in the superheater 429 
 430 
 431 
(f) Flow rate of steam 432 
Fig. 6. SGS parameters changes with molten salt mass flow rate decreased by 3-5% (case E) 433 
 434 
At the beginning, the molten salt mass flow rate changed from 100% load to 97%, 96%, and 95% 435 
load, respectively, with the rest of the boundary conditions remained constant. In principle, the 436 
  
 
outlet temperature responses experienced the same transients change as shown in Fig. 6 and Fig. 7. 437 
The time constants on water side of the three heat exchangers are 400 s, 420 s, and 1400 s, 438 
respectively, whereas on salt side, the time constants are 380 s, 400 s, and 1200 s, respectively. The 439 
preheater has the largest thermal capacity, and while the superheater has the smallest. This is 440 
because the specific thermal capacity of water is much bigger than that of steam. 441 
As demonstrated in Figs. 6 and 7, the time is shorter as molten salt mass flow rate decreased, 442 
which the parameters of steam and molten salt needed to reach to their extremum and recover to 443 
their steady state before they reach to the new steady state. But the time difference of time constant 444 
under different step disturbance of mass flow rate is short. The step disturbance is the driving 445 
impetus of changes of the system working condition. When it is smaller, the longer SGS needs to 446 
reach to its extremum. 447 
When the mass flow rate of molten salt decreased, SGS outlet temperature increased. This can be 448 
explained by the fact that the decrease of the heat transfer to water side leaded to the reduction of 449 
evaporation. On the contrary, the steam temperature in the evaporator decreased for the heat 450 
provided was less than before. The molten salt outlet temperature increment could as big as 16 °C 451 
which attention should be paid when PT is operated under similar load variations. 452 
During the operation under the rated condition, step-by-step disturbance of molten salt mass flow 453 
rate was imposed to the system. Mass flow rate dropped from 100% load to 96% load. Boundary 454 
conditions and disturbances were same to the former simulation, but the reduction was divided into 455 
two steps. At initial stage, the mass flow rate decreased from 100% load to 97% load, then it 456 
decreased to 96% load at 300 s which closed to the steady state of the system (the time difference 457 
was chosen on the basis of the time of the large fluctuation of the temperatures). The response 458 
  
 
curves are the black lines shown in Figs. 6 and 7. The black lines and the green lines converge to 459 
the same values when the system reached to a steady state. But they differ from the green lines with 460 
lowering the fluctuations notably. By using SDM, the reductions of the parameter fluctuations are 461 
0.2 °C (steam outlet temperature in the evaporator), 1.5 °C (steam outlet temperature in the 462 
superheater), 0.03MPa (steam outlet pressure), 0.7 °C (molten salt outlet temperature in the 463 
evaporator), and 1 °C (molten salt outlet temperature in the superheater).  464 
 465 
 466 
(a) Temperatures of salt in the preheater  467 
 468 
 469 
  
 
 470 
(b) Temperatures of salt in the evaporator 471 
 472 
 473 
(c) Temperatures of salt in the superheater 474 
Fig. 7. Molten salt temperature changes in the preheater with molten salt mass flow rate decreased 475 
by 3-5% (case E) 476 
 477 
4. Conclusions 478 
  
 
The mathematical model with LPM is built to analyze the dynamic characteristic of the steam 479 
generation system (SGS) in solar tower power plant after the static validation. Five simulation tests 480 
were carried out considering the disturbances that the solar tower power plant may encounter during 481 
the variable load conditions. Case A, B, C could occur for both molten salt PT and traditional 482 
plants, whereas Case D, E could only occur to this kind of solar system. Because of the differences 483 
of the heating source and control strategies between this kind of solar system and traditional power 484 
plant, temperature and flow rate will not change separately in a traditional power plant. The 485 
following conclusions can be achieved. 486 
(1) The disturbances imposed to the working fluids lead to the heat load reassignment to the 487 
preheater, evaporator and superheater. 488 
(2) Large temperature and pressure fluctuations in the superheater, including the outlet steam 489 
temperature, steam pressure and outlet molten salt temperature are caused by the disturbances, 490 
especially the change of molten salt flow rate. These changes during short period are the causes for 491 
large thermal stress which will reduce the service life of the superheater. 492 
(3) The thermal capacity of the heat exchangers or the thermal inertia of SGS has been displayed. 493 
The preheater has the biggest thermal capacity while the superheater has the smallest. The time 494 
constants of the three heat exchangers have been acquired, which are good references for the test of 495 
various operating control strategies. 496 
(4) The proposed SDM on the basis of time constant can reduce the fluctuation of the outlet fluid 497 
parameters. Working conditions have influence on the time constants. This provides an example for 498 
the control strategies to reduce the temperature and pressure fluctuations, including the decision 499 
making of the minimum stable load and net load ramp rate. 500 
  
 
(5) Five disturbance experiments was conducted. The variation trends of steam temperature, 501 
steam pressure, and steam ﬂow were obtained and discussed. The results obtained could be the good 502 
references for the design and operation of solar thermal power tower system. 503 
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Table captions 581 
Table 1. Geometrical and physical parameters of SGS. 582 
Table 2. The physical properties of the molten salt. 583 
Table 3. Comparisons between the simulation and the designed data of the objective SGS. 584 
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Figure captions 587 
Fig. 1. The schemeticdiagram of SGS. 588 
Fig. 2. SGS parameters changes with valve opening decrease from 100% to 75% (case A). (a) 589 
Temperatures on the water side. (b) Temperatures on the salt side. (c) Pressure on the water side. 590 
Fig. 3. SGS parameters changes with water massflow rate decreases by 2% (case B). (a) Pressures 591 
on the water side. (b) Temperatures on the water side. (c) Temperatures on the salt side. 592 
Fig. 4. Outlet temperature and pressure changes with feed water temperature increases by feed 593 
water 5°C (case C). 594 
Fig. 5. SGS parameters changes with molten saltinlet temperature increased by 10°C (case D). (a) 595 
Pressures on the water side. (b) Temperatures on the water side. (c) Temperatures on the salt side. 596 
Fig. 6. SGS parameters changes with molten salt mass flow rate decreased by 3-5% (case E). (a) 597 
Evaporator pressures on the water side. (b) Superheater pressures on the water side. (c) 598 
Temperatures of molten salt in the preheater. (d) Temperatures of steam in the evaporator. (e) 599 
Temperatures of steam in the superheater. (f) Flow rate of steam. 600 
  
 
Fig. 7. Molten salt temperature changes in the preheater with molten salt mass flow rate decreased 601 
by 3-5% (case E). (a) Temperatures of salt in the preheater. (b) Temperatures of salt in the 602 
evaporator. (c) Temperatures of salt in the superheater. 603 
 604 
